Plasma-facing components (PFCs) in tokamaks are exposed to high-heat loads during abnormal events such as plasma disruptions and edge-localized modes. The most significant erosion and plasma contamination problem is macroscopic melt splashes and losses from metallic divertor plates and wall materials into core plasma. The classical linear stability analysis is used to assess the initial conditions for development and growth of surface waves at the plasma-liquid metal interface. The maximum velocity difference and critical wavelengths are predicted. The effects of plasma density, surface tension and magnetic field on the stability of plasma-liquid tungsten flows are analytically investigated. The numerical modelling predicts that macroscopic motion and melt-layer losses involve the onset of disturbances on the surface of the tungsten melt layer with relatively long wavelengths compared with the melt thickness, the formation of liquid tungsten ligaments at wave crests and their elongation by the plasma stream with splitting of the bulk of the melt, and the development of extremely long, thin threads that eventually break into liquid droplets. Ejection of these droplets in the form of fine spray can lead to significant plasma contamination and enhanced erosion of PFCs. The numerical results advance the current understanding of the physics involved in the mechanism of melt-layer breakdown and droplet generation processes. These findings may also have implications for free surface liquid metal flows considered as the first wall in the design of several types of future fusion reactors.
Introduction
Divertor materials in tokamak devices are expected to face steady-state thermal loads (∼5-20 MW m −2 ) as well as transient heat loads due to plasma disruptions (20-100 MJ m −2 with duration 0.1-10 ms) and edge-localized modes (ELMs, ∼1-3 MJ m −2 with duration 0.1-1 ms) [1] . Plasma disruptions and ELMs can cause melting and evaporation of metallic plasma-facing components (PFCs) [2] [3] [4] [5] [6] [7] . The high melting point, high thermal conductivity, low tritium retention and low erosion rate of tungsten under plasma impact make it very attractive as PFCs. However, macroscopic melt-layer losses may lead to severe damage and unacceptably short lifetimes of the tungsten divertor material [8] and can further lead to serious plasma contamination. It was estimated that the melt-layer thickness of liquefied tungsten is 10-100 times higher than the evaporation losses [4, 6, 7] . The melted metal will remain on the surface forming a thin liquid layer. The macroscopic loss of this melt layer due to plasma impact momentum and/or Lorentz force can significantly contribute to the total amount of erosion crucially affecting the lifetime of PFCs and contaminating the plasma. The core plasma can collapse from this macroscopic tungsten influx in the case of giant ELMs and other abnormal events. Melt-layer removal is governed by the ablation physics of ejected macroscopic material, not by evaporation/ionization physics. These issues are also of concern for future devices with free surface liquid metal flows considered as the first wall. Therefore, a sciencebased understanding of the physical mechanism of melt-layer losses under plasma impact during the course of disruptions and ELMs is important for the successful development of fusion reactors [7, 8] .
A number of laboratory experiments were designed on different devices to study melt-layer formation and its behaviour under the impact of plasma, laser and electron beams. The operating conditions in these facilities may not be relevant to plasma disruption and ELM conditions in tokamaks due to different pulse durations, incident angles, energy depositions, the absence of a magnetic field, etc. However, these experimental facilities are useful for understanding the underlying physics of the plasma-material interactions in the course of plasma instabilities and their interactions with PFCs. In the VIKA simulation facility [9] (power flux ∼100 GW m −2 with pulse duration ∼0.36 ms), the flows of the molten metal, wave-like structure and ejection of droplets were observed for different target materials including tungsten. The presence of a normal magnetic field significantly affected the behaviour of the melt layer suppressing its splashing. Surface cracking was identified as the main mechanism of tungsten damage at heat loads ∼15 MJ m −2 with plasma pulse durations ∼40-50 µs using the plasma gun MK-200UG facility [10] . Any evidence of traces of melt-layer motion or boiling was not found. The MK-200UG facility is not well suited for a long time standing test of the divertor materials due to the very short duration of the plasma pulse. Tungsten meltlayer erosion due to melt motion driven by plasma pressure was identified in the experiments using the plasma accelerator QSPA Kh-50 with ∼250 GW m −2 and pulse duration ∼0.1 ms [11, 12] . The formation of an erosion crater with large mountains of resolidified tungsten at the crater's edges and droplets of splashed tungsten was observed. QSPA Kh-50 plasma parameters are more relevant to the ITER ELMs and disruptions. MK-200UG experiments were designed to study vapour plasma generation using short pulses, while the splashing of tungsten melt layer with droplet ejection was investigated in the QSPA experiments at energy fluxes of >1.5 MJ m −2 [13] [14] [15] . Recent experiments carried out using the plasma gun facility QSPA-T [16] demonstrated intense droplet ejection for a tungsten melt layer under the normal and oblique plasma impacts with heat loads ∼0.5-2.5 MJ m −2 and pulse durations ∼0.4-0.6 ms. This plasma load condition is relevant to the transients expected in ITER and can be used to test candidate armour materials. The simulation experiments with the plasma gun QSPA Kh-50 also demonstrated recently that tungsten droplets continued to be ejected from the melt for about 10 ms after the plasma impact [17] , a phenomenon that has to be explained. The QSPA investigations of the influence of Lorentz force on the melt motion under heat loads of 0.7 MJ m −2 during 0.25 ms demonstrated that the tungsten melt is displaced along the force direction with the formation of an erosion crater [18] . The motion of liquid tungsten caused by the Lorentz force in the medium-size TEXTOR limiter tokamak was observed in the direction perpendicular to the magnetic field lines [19] [20] [21] . These simulation experiments clearly demonstrated that the external forces such as plasma impact momentum and Lorentz force can cause macroscopic melt-layer motion, splashing and droplet ejection.
The physical behaviour of the melt layer under disruptions and ELMs is not well understood. The stability of melt layers can be affected by many physical phenomena such as various Lorentz forces from thermoelectric effects, caused by currents linked from the plasma, or induced during breakdown, magneto-hydrodynamic effects induced by the melt motion, complex geometry interacting with the melt-layer motion (lips, end of tile or brush, etc). The theoretical analyses and computer modelling of the stability of a liquid metal surface under the plasma impact and/or Lorentz force are very important for understanding the mechanisms of splashing and droplet formation. The term 'splashing' describes different physical mechanisms, which rely mostly on macroscopic momentum transfer from the impacting plasma or any other volumetric force (Lorentz force) to the melt layer. One mechanism for the macroscopic loss of a melt layer can be from development and evolution of Kelvin-Helmholtz (K-H) instability [22] . Perturbations of the plasma-liquid interface and development of waves can be produced by the high-speed plasma flowing along the thin liquid layer. The K-H instability arising at the plasma-liquid interface can later result in liquid droplet formation and these droplets can be splashed into the plasma [23] . The K-H instability develops under certain conditions. The development of K-H instability in application to the meltlayer problem involves the following features: (1) perturbation of the plasma-liquid interface with very large jump in the density across the interface; (2) large surface-tension force at the interface and (3) topological changes of the plasma-liquid interface with possible formation of small and large liquid droplets. One of required conditions for the development of K-H instability is the presence of a velocity difference at the interface between the fluid flows subjected to a shear. A simple phenomenological model was used in the previous studies to roughly estimate the growth of surface waves, droplet formation and melt-layer losses [16, 24] . In the early stage, this linear analysis can be applied which describes the linear growth rate of the K-H instability. When the amplitude of a perturbation reaches 10-30% of its wavelength, the perturbation grows nonlinearly forming the K-H rollups [25] . The linear analysis cannot describe the aspects of the flow that are essentially nonlinear (e.g. the formation of vorticity, the evolution of vortex lines, the collapse of the rib vortices and the formation of droplets). Linear stability theory fails in this nonlinear regime [25] and numerical methods become a viable alternative. However, the computer modelling of the whole process of the development, growth and breakup of the plasmaliquid metal K-H instability was not reported in the literature. It is very challenging to model such a phenomenon because of its complex nature.
In this work, the classical linear stability analysis of the system of coupled hydrodynamic equations of melt and plasma flows is performed by the method of normal modes [22] . The onset conditions for development and initial growth of the K-H instability at the interface between plasma and liquid tungsten are investigated. The generation of surface waves, splashing, formation of liquid metal plumes, ligaments, fingers and droplets dragged by the plasma flow is studied using the commercial code FLUENT [26] . The paper is organized as follows: the classical linear stability theory of plasma-liquid metal flow is presented in section 2. Computational models are discussed in section 3. The results are analysed in section 4.
Linear instability analysis of plasma-liquid metal flow
The physical picture of the classical K-H instability is that the infinitesimal velocity or density disturbances at the melt-plasma interface amplify and grow [22] . The melt is accelerated at the convex regions of the wavy interface and decelerated at the concave regions. These accelerations cause changes in pressure above troughs and over crests so that the resulting pressure differences across the interface tend to amplify the initial disturbances. If the stabilizing effect of the surface tension and gravity is overcome, the interface becomes unstable. A linear analysis of the K-H instability can be found in various textbooks [22, 27, 28] . We follow the analysis of Chandrasekhar [22] applying it to our system shown in figure 1 . The parallel flow of homogeneous tungsten melt and plasma fluids of different velocities V m and V p (V p V m ) along the x-direction in plane (x, y) of different densities ρ m and ρ p (ρ m ρ p ) with the lighter plasma above is considered. The plasma and melt densities mean the mass of matter per unit volume. The gravity g is perpendicular to the interface and the interfacial surface tension between the melt-plasma fluids is γ . The plasma velocity is estimated to be in the range 10 4 -10 5 m s −1 [24, 29] . The velocity of melt motion is on the order of 1 m s −1 . The density of the impacting plasma is ∼10 −7 -10 −6 kg m −3 . The parameters of tungsten melt are ρ m = 17 600 kg m −3 , γ = 2.5 N m −1 [30] , and for typical plasma disruptions h m 400 µm [20, 31] . The gravity constant is g = 9.81 m s −2 . The onset of the K-H instability and critical wavelengths can be analytically predicted by analysing the 3D linearized Navier-Stokes equations [22] . The viscosity terms are usually neglected in this inviscid linear analysis of the phenomena and the Navier-Stokes equations are reduced to the Euler equations. The method of normal modes is then used where small disturbances are transformed into harmonic modes which are treated separately. This detailed and lengthy linear analysis is provided in a textbook of Chandrasekhar [22] for inviscid and infinitely thick homogeneous fluids. We adapted this inviscid analysis to our system in figure 1 with extension to account for finite thicknesses of melt and plasma layers [32] . The following dispersion relation is obtained
where ρ p = ρ p coth(κh p ) and ρ m = ρ m coth(κh m ), κ = k 2 x + k 2 y = 2π/λ is the real wave number associated with small disturbances proportional to exp(i(k x x + k y y + ωt)), λ is the wavelength, k x and k y are the x and y components of the wave number vector κ, ω is the (radian) frequency. A detailed derivation of equation (1) for a particular case h m → ∞ and h p → ∞ can be found in the book of Chandrasekhar [22, p 481] . Its generalization for finite layer thicknesses is provided in [32, p 50] . The relation between ω and κ in equation (1) governs the propagation of capillary and gravity waves on the melt surface. The first term in brackets in equation (1) is the wave velocity represented as the mean, weighted by the densities, of the two fluid velocities. Under the square root in equation (1) the stabilizing forces of gravity and surface tension for, respectively, long and short waves (first two terms in brackets) are balanced by the destabilizing force of inertia (third term). If the expression inside the square root is positive, then disturbance at the interface travels as a wave. For instability, the function under the square root denoted here as must be negative (ω has an imaginary part), i.e. the inertial force overcomes the restoring forces of gravity and surface tension. In the case of plasma and melt layers with equal thicknesses, h = h m = h p , equation (1) is reduced to a simplified form [33] 
It follows from equation (1) that the relative velocity must be significantly large to satisfy the following criterion for the K-H instability
where G = g(ρ m − ρ p ) is the gravitational restoring force. We have set k x = κ in deriving equation (3), since the disturbances in the x-direction are most sensitive to the K-H instability [22] .
The critical wave number κ c can be obtained by taking a derivative of the function under the square root on the righthand side of equation (3) or (4) with respect to κ and equating it to zero. This critical wavenumber κ c corresponds to the minimum relative velocity required to generate the K-H growing waves. By minimizing the stability function (under the square root of equation (1) or (2)) with respect to κ, one can obtain the wavenumber κ θ corresponding to the fastest growing 'dangerous' wave. However, the analytical formula for κ c and κ θ cannot be derived due to the complexity of expressions (1)- (4). The nonlinear algebraic equation originating from the minimization has to be solved numerically in order to determine the critical and most unstable wavenumbers. The thicknesses of melt and plasma layers appear as parameters in equations (1)- (4) . In the limiting case of thick layers κh 1, the wavelength is much smaller than plasma and melt thickness resulting in tanh(κh) ∼ 1. Finding the minimum of the stability function in equation (2) with respect to κ leads to
At derivation of equation (5), the gravity term was neglected since we consider very short-length waves compared with the thickness of fluid layers. Assuming ρ p ρ m , equation (5) transforms to one used in a simplified phenomenological capillary droplet model [16, 24] to estimate the mass loss rate due to droplet ejection. In the case of thick layers κh 1, equation (4) has also an analytic solution for κ c of the form κ c = √ G/γ . Substituting κ c into equation (4), we obtain the condition for the velocity difference at which waves start to grow on the surface of a thick melt layer
A classical linear theory of the inviscid K-H instability can be extended to include the effect of a magnetic field on the plasma-liquid metal flows. This generalization was performed by Chandrasekhar [22, p 507] . The magnetic tension force can additionally suppress the K-H instability and reduce its growth rate when the magnetic field is parallel or anti-parallel to the direction of the plasma-liquid metal flow. The stabilizing effect of a magnetic field is equivalent to the effect of surface tension with the replacement of γ in equation (1) or (2) by γ + γ H [22, 28] . Here
is the magnetic surface tension, H is the magnetic field and µ is the magnetic permeability. However, the magnetic field perpendicular to the direction of flow (directed along the y-axis in figure 1 ) has no effect on the unstable waves [22] . The influence of a finite but small viscosity on the growth of the K-H instability is not yet fully understood. It was pointed out that K-H type waves cannot exist in viscous flows: 'including viscous effects, however small, into the stability problem rules out the possibility of the essentially inviscid Kelvin-Helmholtz instability' [34] . Even small viscosity is important in the boundary layer. In the case of the two fluids with very different viscosities as in plasma-liquid metal flow (hydrogen plasma viscosity ∼5 × 10 −5 Pa s [35] and molten tungsten viscosity ∼7 × 10 −3 Pa s [36] ), the onset of the K-H instability is governed by the interplay between viscosity and inertia in the boundary layer [37] . Splashing of the molten layer can also be affected by the adhesion force of the crater bottom with the stabilizing influence. The mass and heat transfer across the interface can reduce the growth of the K-H instability [38] . However, it is found that the stability of the K-H flow is little influenced by the thickness of vapour cloud when the streaming velocity is very large [38] . This overview of physical processes involving the complex interaction of inertial, aerodynamic, magnetic, surface tension and viscous forces demonstrates all the complexity of the formation and growth of waves at the interface between the plasma and liquid tungsten.
Modelling of two-fluid plasma-liquid metal flows
The plasma and liquid tungsten are treated as the two immiscible fluids of various densities. They are separated by a sharp interface. This two-fluid flow is modelled as a composition of the two pure fluids everywhere, where away from the interface the flow contains only one fluid. The fluids do not mix on the molecular level. A composite consists of small elements of the two pure fluids. Thus, the two fluids keep their own pure-fluid microscopic behaviour. The volume fraction is defined as a scalar indicator function between zero and one that is used to distinguish between two different fluids. A value of zero indicates the presence of one fluid and a value of unity indicates the second fluid. On a computational mesh, volume fraction values between these two limits indicate the presence of the interface and the value itself gives an indication of the relative proportions occupying the cell volume. Typically the volume fraction in the pure plasma α p ∼ 1 − ε, and in the pure liquid α m ∼ 1 − ε with ε ∼ 10 −8 . The volume fractions satisfy the saturation constraint α p + α m = 1. This approach is called the volume of fluid (VOF) model [39] . The continuous flow of plasma and liquid metal is governed by the equations which express the conservation of mass and momentum. A single momentum equation is solved and the volume fraction of one of the fluids (plasma) is tracked throughout the computational domain solving the continuity equation. The liquid metal volume fraction is computed from the above constraint. This method requires no further treatment of the interface since it implicitly follows from the flow solution. The interface appears as a smooth transition from one fluid to the other. In the VOF approach, a single-field pressure and velocity are assumed for both plasma and liquid metal. The velocity field is assumed to be continuous at the interface, but the pressure undergoes a jump at the interface due to the surface tension. As the density of plasma is a constant, a continuity equation for the volume fraction of the plasma is given by
where
T is the single velocity field. The liquid metal volume fraction is then computed as α m = 1 − α p . The incompressible Navier-Stokes equation can be written as
where p is the single-field pressure, ρ and η are the volumefraction-averaged density and viscosity, respectively, and they depend on the densities and viscosities of each fluid as ρ = α p ρ p + α m ρ m and η = α p η p + α m η m . The surface-tension effect is modelled using the continuum surface force (CSF) method [40] . This method transforms surface tension into an equivalent volumetric force. The surface-tension force can be expressed as
, where σ is the surface-tension coefficient, n = ∇α p is the surface normal defined as the gradient of α p and ζ is the interfacial curvature. The surface-tension force is proportional to the average mass. In the CSF formalism, the curvature of the surface shape, ζ = −∇ ·n, is calculated from local gradients at the interface withn = n/|n| is the unit surface normal vector. The two-fluid plasma and liquid metal flows are considered incompressible, since estimates of the Mach numbers show that they are rather less than 0.3. Thus, the speed of mass waves is much slower than the speed of sound justifying the assumption of incompressibility. The vaporization of tungsten at the plasma-liquid interface is neglected. It is assumed that the thermal energy is not exchanged between the flows, so the energy equation is not solved in this case.
The pressure-based approach [41] is used to model incompressible flows. The velocity field is calculated from equation (9) . Equations (8) and (9) are manipulated to derive a pressure correction equation from which the pressure field is extracted. The velocity field is then corrected by this pressure to satisfy the continuity equation. Thus, the computation involves iterations until the solution converges. To satisfy the continuity and momentum equations more closely during iterations, the Pressure-Implicit with Splitting of Operators (PISO) method is used [42] . Neighbour corrections are performed additionally in the PISO algorithm to improve the convergence. Equations (8) and (9) are discretized into algebraic form using a finite volume formulation. Equation (9) is initially discretized using the first-order discretization scheme, but the Monotone Upstream Schemes for Conservation Laws (MUSCL) [43] is applied after several time steps significantly improving spatial accuracy and reducing numerical diffusion. The PREssure STaggering Option scheme [44] is applied to the pressure correction equation to compute the face values of pressure from the cell values. Equation (8) is discretized using a modified version of the High Resolution Interface Capturing (HRIC) scheme [45] . The HRIC scheme provides improved accuracy, robustness and stability for the VOF calculations. This interface-capturing approach does not require additional reconstruction steps, and equation (8) is solved consistently with equation (9) . The resultant systems of scalar equations are solved by an algebraic multi-grid method [46] . The plasma-melt flow simulations were run using the commercial FLUENT program package [26] .
A sketch of the 2D geometry of the computational domain is given in figure 2 . The domain involves the free surface with the interface between the fluids. The two-fluid flow zone is 10 mm long and 2 mm high. The domain's length of ∼10 mm corresponds to the element's length in the tungsten macrobrush [31] . The melt-layer thickness is ∼400 µm [20, 31] . The FLUENT's preprocessor GAMBIT was used to generate the rectangular 2D geometry and grid with size 400 × 80 cells (mesh size 0.025 mm).
The time step restricted by the Courant-Friedrich-Lewy condition was chosen to be less than 10 −11 s to provide numerical stability. About 20 iterations for each time step are necessary to achieve convergence. The data obtained on a grid with finer meshes appeared to not differ substantially from those obtained with this grid. A decrease in the grid size results in considerably more computational time, data collection and processing. The timescale of computational modelling is limited below 0.1 ms, thus the steady-state regime on the order of seconds cannot be predicted at this time. The periodic boundary conditions are applied in the x-direction (figure 1). The top and bottom domain boundaries were modelled as frictionless walls. The top wall is chosen to be far away from the interfacial region of interest in the flow. Volume fractions and densities of two fluids are implemented in the C code as a user defined function (UDF) and used within the FLUENT solver. To initiate the K-H instability, an initial sinus perturbation of the two-fluid interface ∼a sin(2π x/λ) with amplitude a and wavelength λ was also coded as UDF. The amplitude of perturbation at the interface was within a computational cell.
Results and discussion
In this section we present the results from the linear theory on the onset of the K-H instability and computational modelling of the two-fluid plasma-liquid tungsten flow. The linear analysis is adapted to the dimensions of the system shown in figure 2 in order to compare predictions of the linear stability theory with the computational results.
The onset of the K-H instability from the linear theory
The stability function calculated from equation (1) The star marks the 'dangerous' wavelength (wavenumber) corresponding to the relative velocity V = 100 km s −1 . The range of wavelengths within 10 mm corresponding to the length of the computational domain in figure 2 is considered. The range of wavelengths corresponding to negative values of the stability function describes the unstable region. It is seen that there is no influence of gravity on for the melt thickness h m = 400 µm (compare the two curves with squares and circles). The curve with h p = ∞ (not shown) has coincided with these two curves meaning that a plasma layer with h p = 1600 µm can be considered as infinitely thick, thus justifying our choice of the thickness of a plasma layer (figure 2) used in the computations. The most unstable 'dangerous' wave corresponds to wavelength λ θ ∼ 2.2 mm (κ θ ∼ 2.86 mm −1 ). If the initial disturbance of the interface is noisy with all wavelengths present, this fastest growing wave will dominate. With the decrease in melt thickness (curves with up and down triangles) the melt layer becomes more stable. The wavelength of the fastest growing wave shifts towards smaller values. The curves of velocity difference are nearly superimposed in the unstable region (negative values of ). They diverge for larger wavelengths (>10 mm) that are not of practical interest here. The gravity does not affect a dispersion curve (compare two velocity difference curves with circles and up triangles). Also, the two curves corresponding to h p = ∞ and h p = 1600 µm are nearly the same. The plasma flow with velocities below these dispersion curves cannot generate amplifying K-H waves. It is seen that the plasma streaming with 90-100 km s −1 (marked by star) is required to produce the K-H waves with the fastest growing wavelength.
The stability function calculated from equation (1) as a function of wavelength (or wavenumber) is illustrated in figure 4 for different values of relative plasma-melt velocity. Let us consider the plasma stream with V = 100 km s −1 . The melt becomes more stable as the velocity difference V decreases. It is seen that the K-H waves cannot be generated by the plasma flow with velocities <80 km s −1 ( becomes positive). However, the melt becomes more unstable as V increases. The characteristic timescale of melt disruption also decreases, since the absolute value of increases. The fastest growing waves become those with shorter wavelengths.
Density effects of the impacting plasma on a melt layer with thickness 400 µm are illustrated in figure 5 . The shape of velocity difference curves is the same for a range of plasma densities ( figure 5(a) ). For a given wavelength (say λ ∼ 2.2 mm), V significantly decreases as the plasma density increases. The unstable K-H waves can be produced on the melt surface by the plasma with ρ p = 10 −4 kg m and streaming with velocity ∼10 km s −1 . Thus, the flow of denser plasma along the liquid tungsten surface causes easier disruption of melt films. This is explained by the fact that larger momentum transfers from the plasma to a melt layer can be achieved by increasing the plasma density. Let us focus on the velocity difference V = 100 km s −1 used in our computational modelling. The melt is stable to the flow of plasma with ρ p = 10 −7 kg m −3 (short dashed curve in figure 5(a) ). Thus, the splashing may not occur for ITER relevant plasma densities ∼10
19 -10 20 m −3 and plasma velocities ∼100 km s −1 . As the density of plasma increases by an order of magnitude, the fastest growing wavelength decreases also by an order of magnitude ( figure 5(b) ). It is seen that the plasma with V = 100 km s −1 and ρ p ∼ 10 −4 kg m −3 is needed to excite the most unstable wave with wavelength ∼0.04 mm (∼40 µm) used in the droplet model [16, 24] . Figure 5(b) shows the imaginary part of giving an estimate of the temporal rate of wave growth = i √ . The characteristic time of the K-H instability can be estimated as τ ∼ 1/ . For the plasma flow with ρ p ∼ 10 −6 kg m −3 , the K-H instability will develop within τ ∼ 1 ms. This is within the melt-layer lifetime. For the plasma stream with ρ p ∼ 10 −4 kg m −3 , the characteristic time of wave breaking is significantly shorter, τ ∼ 1 µs.
The effect of surface tension on the stability of waves is shown in figure 6 . The stability function shows that long wavelengths are not affected at all, while the decrease in surface tension has a more destabilizing effect on shortlength surface waves. The most unstable wavelength is shifted towards short-length waves. The higher velocity difference is required to disrupt a melt layer with larger surface tension (compare dispersion curves). However, it is seen in figure 6 that variations of surface tension within the range of physical interest [30] seem to have no crucial influence on the critical velocity. For wavelength ∼2.2 mm, as the surface tension increases from 2.2 to 2.8 N m −1 , the critical velocity difference increases by ∼10 km s −1 . Surface-tension effects on the evolution of the two-phase K-H instabilities were discussed in detail by Zhang et al [25] . The magnetic field modifies the surface tension (equation (7)) along its direction. It was determined that surface waves are additionally suppressed by the magnetic surface tension with the magnetic field acting in the flow direction [22, 28] . Figure 7 shows the dispersion curves for different values of imposed magnetic field parallel to the propagation direction of the surface waves. The velocity threshold for the generation of unstable waves increases quickly with the increase in the magnetic field. The whole spectrum of wavelengths is affected. It is clearly seen in figure 7 that the surface waves are suppressed more rapidly when a stronger magnetic field is applied. The stability function does not have the imaginary part at H = 0.1 T. For a magnetic field strength of 1 T, the surface disturbances due to the impacting plasma with speeds of ∼10 4 -10 5 m s −1 [24, 29] will be very effectively stabilized along the magnetic field direction. However, a magnetic field perpendicular to the flow direction (directed along the y-axis in figure 1 ) has no influence on surface waves [22, 28] . These predictions from a linear theory of the inviscid K-H instability were confirmed by recent experiments on the propagation and damping of surface waves on liquid gallium [47] . It was found that surface waves are damped only when a horizontal magnetic field is imposed parallel to the flow direction. The interfacial disturbances were suppressed more strongly with increasing magnetic field strength. No damping was observed in these experiments under a perpendicular magnetic field.
Computational modelling of plasma-liquid tungsten flow
The onset of K-H instability and the most unstable wavelength can be analytically predicted for inviscid flow using the linearized Navier-Stokes equations (section 2). However, the subsequent growth and nonlinear evolution of the K-H instability cannot be described by a linear analysis. The growing dynamics of wave structures with time can only be predicted by simulations. The VOF model implemented in FLUENT was previously thoroughly validated against the Thorpe experimental data on the occurrence of K-H instabilities in a stratified two-fluid flow [33] . The onset of instabilities, the wave speed, the critical velocity difference and wavelength were found in rather good agreement with both linear inviscid theory and Thorpe data. The different airwater and gasoil vapour-liquid flow regimes as predicted by the Baker chart were recently reproduced using the FLUENT code [48] . We have also performed test simulations of K-H instabilities for air-air and air-helium interfaces. The growth and nonlinear evolution of these interfaces with the 'standard' structures of rollers and ribs [25] were observed. Since these results are not of practical interest for melt-layer splashing, we do not present them here.
We studied numerically the flow of two incompressible, inviscid and immiscible plasma-liquid tungsten fluids separated by a sharp interface under the effects of gravity and surface tension (figure 1). The periodic boundary conditions allow a small computational domain (figure 2) to be used for studies of the long time evolution of the overall structure of the two-fluid flow. However, wavelengths larger than the xdimension (10 mm, figure 2) of the computational domain cannot be excited. The plasma and tungsten melt velocities are taken to be 10 5 m s −1 and 1 m s −1 , respectively. The plasma density is 10 −6 kg m −3 . The influence of the surface tension and gravitational force on the flow has been taken into account. The nonlinear growth and evolution of the interface is investigated for initial surface disturbances with various wavelengths. For these flow conditions, a range of wavelengths is unstable (the stability function has an imaginary part) as seen in figure 3 . We demonstrate the results of simulations illustrating the most interesting aspects of the splashing mechanism of a melt tungsten layer. Figure 8 shows the temporal behaviour of the interface from t = 0 to 8 µs with an initial perturbation wavelength of 2 mm (5 wavelengths). Rich variety of topological structures is observed due to the nonlinear evolution. The surface disturbances grow at t = 0.4 µs in amplitude producing small liquid tungsten plumes at the wave crests. The development of a small saw-tooth-like secondary instability is seen. Plumes are elongated further at t = 1.0 µs by the plasma flow forming the ligaments. These localized protrusions (ligaments) now have lengths that exceed their widths. Saw-tooth-like secondary instabilities disappear, presumably regularized by surface tension which stabilizes short wavelength disturbances. The interface deforms into elongated liquid tungsten fingers that penetrate into the plasma (t = 2.0 µs). The fingers become thinner and curved, as they lengthen. The sides of the fingers collide, thus capturing small pockets of the plasma. For t 4 µs, figure 8 shows that topological structures of liquid tungsten patterns become highly irregular. Breaks and holes are developed in the melt which are shaped as the open and closed configurations. It is seen that there is a thin continuous liquid tungsten film remaining along the bottom. Melt-layer losses in this case are about 80-90% of the melt thickness. Two other runs performed with zero and inverted gravity have demonstrated no effects of gravity on the development of the K-H instability in agreement with the results from the linear stability analysis (see figure 3) .
The initial disturbance of the plasma-liquid tungsten interface with 20 wavelengths (the length of wave is 0.5 mm) at t = 0.0 µs is shown in figure 9 . According to figure 3 this wavelength is stable. At t = 5.5 µs, the original wave crests are smoothed by the tension force which stabilizes the short waves. The plasma-induced tungsten waves show ripply structures without vortices. The interface is stable to disturbances with short wavelengths. From t ∼ 10 µs, the growing of new waves with larger wavelengths in agreement with predictions from the linear stability analysis is observed. The fastest growing, most dangerous waves self-develop. The wavelength of these bigger wave structures is within ∼2 mm. The growth of tungsten plumes as the earliest strongly nonlinear structures is seen at t = 15 µs. These plumes split the bulk of the melt layer causing ligaments to form. From t = 20 to 30 µs, elongated ligament protrusions develop well from these liquid tungsten plumes penetrating into the plasma. The interface splits into multiple ligaments with different width. The ligament lengthening is supported by an influx of tungsten from the bottom. The collision of ligaments and their coalescence occurs. Bubbles of plasma trapped during ligament agglomerations become confined within a tungsten melt. The ligaments are partially curved and their lengths are very long (0.5-1.0 cm) at t = 30 µs. The formation of long, narrow liquid threads is observed at t > 40 µs. As the surfacetension force for tungsten liquid is sufficiently large, the plasma stream only changes the shape of threads creating thinner and thinner segments. The threads still remain surface-bounded. However, these liquid threads are stretched and thinned and eventually can break into droplets. The oscillations of the thread surface due to gravity and surface-tension forces can be the cause for threads to break up into liquid tungsten droplets (see wavy structures in figure 9 at t 40 µs). Droplet size and number could be estimated from the diameter and length of ligaments. The estimates show that droplet sizes are within the range ∼25-200 µm.
It is found numerically that the most dangerous wave corresponds to ∼2 mm (5 wavelengths) for the plasma with density ∼10 −6 kg m −3 streaming with ∼10 5 m s −1 . This finding is in agreement with predictions of the linear stability theory (figure 3). The numerical results for 2 and 50 wavelengths are described in [49] . The long waves, ∼5 mm, do not grow on the timescale of 0.1 ms. The surface disturbances with 50 wavelengths were also regularized by surface tension. However, short-length disturbances give rise to the growing of new waves with wavelength on the order of ∼2 mm. The onset of instability development for longer and shorter waves compared with this range of fastest growing wavelengths is time delayed. When the surface is disturbed with 20 wavelengths (figure 9), the waves start to grow at t ∼ 10 µs which is significantly slower compared with the case with 5 wavelengths (figure 8). However, no surface waves which amplify to form a periodic array of compact spanwise K-H rollers with conventional K-H finger-like projections that eventually break off to form droplets are revealed in the computational modelling. Instead, relatively long waves (∼2 mm) in comparison with the melt thickness (0.4 mm) develop and undergo localized growth with transformations into long ligaments and ribbons that eventually can fragment into liquid droplets. The instability with a wavelength that is typically one to ten times larger than the film thickness is the well-known example [34] . Formation of long ligaments has been observed experimentally in the processes of thin film atomization [50] , centrifugal atomization of metal melts [51] and simulations of fingering instabilities [52, 53] . Inspections of metal sample targets exposed to plasma impact in the plasma accelerator QSPA Kh-50 also demonstrate the striplike structures of melt flow and the streamlets on the nonmelted parts of the target with droplets at the ends [11] . Very recent experiments on melt motion and splashing performed in the TEXTOR limiter tokamak showed for the first time the loss of molten tungsten in the form of continuous fine spray with droplets [21] . The strong surface-tension force of tungsten holds the ligament interface together for long times. These features cannot be deduced from the linear theory. The linear analysis focuses on the wavelength with the fastest growing rate, and suggests that the droplet size is proportional to this critical wavelength. This assumption was used in a simple phenomenological model [16, 24, 29] predicting the most unstable wavelength ∼40 µm and a four times smaller radius of droplets ∼10 µm. This droplet model is an extension of the linear stability theory to an essentially nonlinear regime with many assumptions about how droplets can be formed. The main assumptions are (1) the unstable wavelength is always significantly smaller compared with the melt thickness (an approximation of the deep melt (equation (5) where the most unstable wavelength is significantly larger than the melt thickness. We can estimate using equation (5) 5 m s −1 , the density is larger. However, the computational modelling has to be performed for this specific case of dense plasma to reveal that droplets with radii ∼10 µm are ejected as predicted by the capillary droplet model. The time of wave breaking was estimated to be below 0.1 ms [16, 24] . However, our figure 5 shows that droplet ejection should happen during significantly shorter times, ∼1 µs. In our work, the nonlinear stage of the K-H instability is entirely modelled using the computational simulations. We find that in a particular case of the plasma with N ≈ 6 × 10 20 m −3
the most unstable wavelength is several times larger (∼2 mm) compared with the melt thickness (∼0.4 mm), and the waves grow as continuous long ligaments. Our simulations show that the waves with wavelengths less than the thickness of the melt layer are strongly suppressed and not growing at all. The tips of short waves (∼40 µm) have a high curvature, which means that their growth is strongly inhibited by large surface tension of the tungsten melt. The physical mechanism of melt-layer losses deduced from our numerical results is also qualitatively different from that proposed in [16, 24, 29] . No droplets formed at the peaks of the surface waves and entrained by the plasma stream are found. Instead, the bulk of the melt layer undergoes macroscopic motion with development and growth of liquid tungsten ligaments that transform to thin threads and eventually break into droplets.
The simulation results shed light on the physical mechanism of macroscopic melt losses that can lead to significant erosion of metals. It is found that about 80-90% of the melt-layer thickness can be lost due to plasma impact in the form of liquid ligaments (figures 8 and 9). This fraction may be overestimated because the adhesion force stabilizing liquid tungsten near the solid-melt interface was not included in the modelling. The estimates available in the literature for the fraction of tungsten melt removed during the plasma impact are uncertain. Using the 1D thermal-erosion model it was assumed that once the melt layer is formed, the fraction of melt loss for tungsten is about 50% [7, 54] . The experiments with plasma accelerator facilities have also shown that metal erosion is governed by macroscopic melt motion [11] . It was found that melt-layer motion is forced by the plasma pressure and resulting in erosion crater with large mountains. The Lorentz force can significantly enhance the melt motion and erosion. The experiments performed in the TEXTOR tokamak demonstrated that at heat loads ∼17 MW m −2 the motion of liquid tungsten produces a deep groove ∼1 mm on the plate surface with two tungsten jets moved towards the scrape-off layer plasma [20] . The melt splashing under the Lorentz force in the form of continuous fine spray is observed in the TEXTOR tokamak [21] . These experimental data as well as our computations clearly indicate that plasma pressure and/or Lorentz force affect the bulk of the melt layer leading to its macroscopic motion and metal erosion.
Summary
In this paper we present the first results concerning the physical mechanism of macroscopic melt-layer losses during plasma disruptions in tokamaks. The focus of this work is on understanding the underlying physics processes involved in the breakdown and erosion mechanism of a thin liquid metal layer formed on PFCs. Computer simulations are presented for the first time of the entire processes of the development, growth and breakup of the plasma-liquid metal interface. The observation of continuous liquid tungsten ligaments, their elongation by the plasma flow and development of long, thin threads that eventually can break into liquid droplets is the main result of this work.
The theory based on the linearized Navier-Stokes equations provides firm grounds for understanding the onset of the K-H instability and most dangerous wavelengths. The inviscid linear stability analysis predicts that the plasma streams with density ∼10 −6 kg m −3 and velocities of ∼10 5 m s −1 can generate the growth of surface disturbances on the thin liquid tungsten melt in a range of wavelengths. The most dangerous wave is predicted. Short waves are stabilized by surface tension. The shorter the wavelength of the disturbance, the stabilizing effect of surface tension is more effective. The linear stability analysis can be firmly used to predict the onset of the K-H instability for transient as well as steady-state operation conditions in tokamaks. However, this linear stability theory breaks down in predicting the interfacial structure with the time, and numerical simulations are only the way for further investigations.
The numerical results advance the current understanding of the physics involved in the mechanism of melt-layer breakdown. The incident plasma momentum is transferred to the melt layer increasing its stress. Not only the surface of the melt is affected, but the stress increases gradually in the bulk of the melt with time. This absorption of high shear stress from the interface to the bulk of a thin melt layer causes melt motion and interface reorganization. Initial disturbances on the melt surface in a range of wavelength spectrum can be induced due to the intensive boiling and vaporization. Only certain waves with the fastest growing rate will amplify, grow and break. We found that very short-length waves are suppressed by the surface tension with the interface nearly flattened. However, new unstable waves emerge with significantly longer wavelengths, quickly grow in amplitude and change their shape. This long-wavelength instability of a thin melt layer sheared by the plasma can be induced by the large stress disturbances in the high-density tungsten liquid. The classical picture of the K-H instability is not observed. Rather than roll over and fall back onto the surface, as usually observed for the conventional K-H waves, we find that their plasma entrainment results in the development of elongated structures at the wave crests. The growth of these liquid protrusions on the melt's surface splits the bulk of the melt layer causing long ligaments and thin threads to develop. Ligaments penetrating into the plasma subsequently break into liquid droplets at late times. The actual behaviour and shape of ligaments may be affected by many other factors (magnetic field, temperature dependence of surface tension, viscosity, adhesion forces, etc) not currently included in the computational modelling. Thus, the bulk of the melt layer initially disintegrates into ligaments and further into liquid droplets. This mechanism of melt-layer breakdown is completely different from the one assuming that the K-H instability is induced by the 'plasma wind' on the surface of the liquid tungsten melt.
The effects of additional physics such as viscosity, heat and mass exchange, melt-solid adhesion forces, crater finite size and magnetic field were neglected in the numerical simulations. While these effects could certainly influence the structure of the plasma-liquid tungsten flow, the breakdown of a melt layer with splitting the interface into long, thin ligaments is a fundamental feature observed in our simulations. The loss of molten tungsten in the form of continuous fine spray with droplets was also recently observed in the TEXTOR experiments confirming a possibility of this phenomenon. Simulation attempts to include viscosities of liquid tungsten and plasma fluids are failed with the periodic and frictionless wall boundary conditions. The fluid's velocities did not remain constant but reduced significantly due to viscous dissipation at the interfacial surface. The simulations involving the boundary conditions with velocity inlet and pressure outlet will be required. With instability development, the flow regime can change and the interfacial surface can significantly enlarge, which could influence the heat and mass transfer. As surface tension is a function of temperature, surface-tension gradients and thermocapillary Marangoni stresses can induce tungsten flows from hot low surface-tension regions to cold regions of higher surface tension, particularly during longer transient events. Adhesion between liquid and solid tungsten may stabilize the thin melts. The finite size of the melt crater can affect the dynamics of the plasma-melt flow. Simulations can reveal the stabilizing effect of the magnetic field is in agreement/disagreement with the predictions from the linear stability theory. Hence, further works should include these effects on the plasma-liquid flow.
